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ABSTRACT 


An investigation of conventional and broken-symmetry scaling, 
and their effect on the ratio of the neutron-proton electric form 
factors, Gin! Sap? was carried out uSing measurements from elastic 
electron-deuteron and electron-proton scattering in the range of 
momentum transfers, a. of 0.10Sq°S0.80 R*, and electron scat- 
tering angles of 45° to 120°. Within experimental errors of 
available data in this range of momentum transfers and angles, it 
was concluded that both forms of scaling as applied to the deuteron 
form factor have negigible effect on the ratio Gan’ SE? and the 
application of either scaling law to the proton form factor results 
in nearly identical corrections to this ratio, thus allowing no 
distinction between them, and the agreement of the experimental 
data with the neutron-electron interaction slope at = O is not 
influenced by the choice of scaling law. A conclusive test for 
the scaling laws would require an impreovement in experimental 
accuracy by at least an order of magnitude, a technically nearly 


impossible requirement. 
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I. INTRODUCTION 


The elastic scattering of electrons by protons is described in 
the first Born approximation by the Rosenbluth equation [1]. In 
this approximation a single virtual photon is exchanged between the 
electron and the proton and the structure of the proton is repre- 
sented by two electromagnetic form factors which are functions of 
aa the square of the four-momentum transferred by the virtual 
photon [2]. Janssens, et.al., L3] made absolute measurements of 
the elastic electron-proton cross sections with an accuracy of 


about 4% in the qe range from 4.0 to 30.0 F “(1 Da) ser Se nO Le 


m). 
These measurements verified the Rosenbluth equation for values of 
q” mp tOo 22.0 peep and determined the form factors of the proton 
to a precision exceeding that obtained in previous experiments. It 
was also found that the charge and magnetic form factors of the 
proton have the same dependence on q° within the accuracy with 
which they were determined. 

Hundreds of other elastic electron-nucleon scattering measure- 
ments are also available, extending over a very wide range of gq 
and angle L4]. Empirically, the data seem to exhibit remarkable 


Simplicity, the electric and magnetic form factors of nucleons 


obeying the "scaling law"; 


2 2 
(q) Gq) 
Ga(d ) - — = 7 = Ga 3 Gn (4) SO HE) 


with the q° dependence being well described by the "dipole fit"; 








J 
oo : oo ae a 2 
“SL “Dipole 2 (2) 


(1 + q° /M") 
where Me = 90425 a It has long been clear that the electron- 
proton data show systematic oscillations about the dipole fit 
[5,6], but the amplitude seems to vary with laboratory and (2) is 
regarded as a remarkably good phenomenological fit. 

Following the same general procedure as Rosenbluth did with 
the proton, Jankus [7] derived the cross section for the elastic 
electron-deuteron (e-d) scattering from a point deuteron in the 
first Born approximation. His results differ qualitatively from 
the proton cross section in one important way, i1.e., there are 
three form factors characterizing the deuteron while two suffice 
for the proton. This is in agreement with the work of Glaser and 
Jaksic [8]. Their Study showed that the cross section for the 
Scattering of a relativistic electron from a potential with spin J 
contains 2J + 1 form factors. The three deuteron form factors 
correspond to the charge, quadrupole, and magnetic moments in the 
Peatic limit a 70. Dricker and Hand [9] experimentally verified 
for the deuteron an emperical relation between the form factors 


which is analogous to that for the proton. The scaling law for the 


deuteron may be written; 


G M 
~ _MD = LD 
GED bt » Wy Se 7h ~ i By . (3) 
D Pp 


Based on these scaling laws, Stewart [10] ina study of the 


neutron charge from factors at very low momentum transfers, found 








that 
(a) The Feshbach-Lomon wave functions [11], together with 
relativistic corrections, removed an apparant discrepancy between 
: , Z 

the neutron-electron interaction slope at q ™ O, and the slope 
Given from values of Gan (obtained by electron scattering) in 

2 -2 
tae range 0.10 = gq = 0.dc0 Pp . 


(b) Within the relatively large errors propagated into G the 


En’ 
Partovi wave functions 12] with relativistic corrections applied, 
are in disagreement with the neutron-electron interaction slope. 

The important conclusion from Stewart's experimental results 
is that the neutron has a non-zero charge form factor, implying 
a charge distribution within the neutron. 

Schumacher [4] however, points out that the theoretical sit- 
uation is not satisfactory. The scaling law (1) led to the in- 
vention [13] of the phenomenlogical symmetry now called SU(6) 
but a deeper interpretation appears to be lacking. Likewise, the 
dipole formula (2) corresponds to a double pole of mass 843 Mev 
instead of a combination of single poles at masses of realistic 
vector mesons. Although it was hoped that the oscillations around 
(2) might be explainable in dynamical terms, Goitein, Dunning and 
Wilson [5] showed that existing theories were not adequate to do 
so and that form factor dominance by vector mesons led to trouble 
at high ee There has been little change in the situation they 
described, e.g., the best subsequent models still not being for- 
mulated such that an isospin reflection connects realistic de- 
Scriptions of the proton and neutron C4). Because of this awk- 


ward situation regarding suitable dynamical models for the form 








factors, it is desirable to ask the data to provide as many 
answers as possible to questions which can be formulated without 
a committment to the restrictive details of particular models. 
Schumacher examines the symmetry content of (1) and its 
dynamical implications, and finds that the form of the deviations 
from (1) suggests a particular type of symmetry breaking, well 
known in the physics of strong interactions. From these consider- 
ations a broken symmetry theory of the form factors is formulated. 
Using the world's e-p data, Schumacher obtains several measures 


of symmetry breaking, which imply an oscillating G whose sign 


En 


and magnitude agree with the Krohn-Rinyo slope [14]. He further 


derives a set of scaling laws which relates the form factors G 


Mp 


and G to G and G. . These relations are 
Mn Ep 


En 
SG ==) Ute + uu G&G 
Mp “p Ep Mn BO 
(4) 
= + 
Cun MED H En 
her = + i “ - Bia 
where SED Gis Gay 1s the 'symmetry-conserving" part and 
= = : i) WW 1 1 
Gon Gas Gey 1s the "symmetry-violating" part of the form 


factors. These conclusions are primarily model-independent and 
do not require pole dominance of the spectral functions. 
It 1s then, the purpose of this thesis to: 
(a) Test he two forms of the scaling laws using the data of 
Bumiller and others [19] in the range 0.10 $ a =F O70 in and 


fa) To antroduce a method of finding the ratio Con’ °ED without 


using the scaling laws, thus finding information about Gen’ 











Ti.) THEORY 


A. GENERAL 


Jankus L7], found that for the deuteron 


-] 
ao [a 2E _. 2 @ 2) As. ee ee 
dh (=) . M om -_ 5) PEC ‘ ? ; PQs | 
; | 
+ Sn. + 2(1m)tan” 5) ofa) (5) 
where 
D(a) J | u(r) F(x) | nna: (6) 


memthe charge structure factor, 


2 Ran OUNG2 2 2 er 
0) = Ewe (| oceywtey- 2] sginar 7 


is the quadrupole moment structure factor, and 





Bea?y= 6 [u2¢xy- wry] 5g(r)ar 4 
O 


co 2 
1 a Pome | T)d 
8 [perm hs, a 


2 oO 


(8) 
accounts for the contribution of the intrinsic magnetic moments 


of the proton and the neutron to the scattering process, and 
Sees (2 
D(a )= ei we (x) [iol + i(7)| dy (9) 


is the magnetic contribution to the scattering process arising 


from the convection of charge in the deutron. Together (8) and 


10 








(9) are 


oe as 
=e Pe + 


The static limits (q°> O) are 
Z 

D = ol 
(da) 


2 ae 
oe ) Mp 


(10) 
Veen 3 
MeN Ses 1a 
E, 2. _ 3 
Dild ) 7 3 Pp 
The a and jo are spherical Bessel functions, T = We iy 2e Q is 


the quadrupole moment, P_ the percentage D state, and the u(r) and 


D 
w(r) are suitably chosen wave functions of the deuteron. 
Adlex [15], shows that in the impulse approximation, the 


charge, quadrupole, and magnetic form factors are given by 


(along with their static limits): 


= 
Gs = (ee, * G4) a (11) 
q O 

and 

G2 GL Pe) ee | (12) 

Oe Ep Ba ano D 
and 
M 
@ =e. 2 Glee 216,26 ent]= 5 == wu 8) 
M ED En M vie Mn M My D 


where the D's are given in equations (6) through (9). The step 
from a point deuteron to a finite size deuteron is thus carried 
Sac by the introduction of the free nucleon form factors. This 


step is justified by the impulse approximation. 


ie 








Rewrite equation (5) as 


(6.8) ao ; Z es 2 Ze 
2) /(& \ Fi: Gee ecu) ee Bo) tana (5a) 
Mott 
where 
De = hae eee een 
A(q) =Go+ gn Got Zn Gy (5b) 
Zz 
n= 
uM co 
and 
2. tll 
Bid’) = = Gi, ( Sc) 


where the approximation 1 +7 ~*~ 1 has been used. Equation (13) 


can be simplified considerably by scaling, i.e., 


! t — 
Grp b Gap: aa ie, 
and 
G G 
_Mp. = Mn = G 
bp Ln Ep 





For the case of the deuteron 


= + ' 
a (Gp, SE. ec (14) 
Then 
Gi = (G_+6G Get eee “ee 0 RO ee ee 
D Bel sitee el ry Bl ai By Bo) eo 
or 
2 Z 2 
= 7m g 
os (Gp, eo) De (15) 
where Fh is called the deuteron structure factor and is the same 
as the result of Jankus for point nucleons in the deuteron. From 
(15) 
G G 
ao mp + ge). (16) 
Ep Ep 
Again consider equation (5). If the quadrupole term is 


neglected (a contribution of order 107" or less) and 1 +7 ~ 7 


r2 








is used, (5) becomes 


a2 | do Dp.) ee 2>e@ 2 
oS / (32) G-= Go + S77 (+ 2 tan- —\c 
(<2 dn ene D E 3 Sear 


2 2 ia 


2 2 4 a) 
+= += “= 
(G. 30 Gi) 37 Gu tan 5 (17) 
e e e Oo e 
From this equation, using a 7 ) as the ordinate 
ae Sao? 


2 ror 
and tan 9/2 as the abcissa, a linear plot can be made ("Rosenbluth 


1S given by the slope, and En can be found from 


zZ 
tf 
peeot''). Then Si Ed 


qd 
the intercept. This method, however, presumes that absolute mea- 
Surements of the deuteron cross section are available. Since 
Stewarts measurements are relative, available data must be an- 
alyzed in an attempt to make the experimental cross sections 
absolute in a first order sense. 

This task can be accomplished by considering the work of 
de vries [16] and Buchanan [4]. De vries collected all available 
proton data, and made a fit to these data using adjustable para- 
meters so that a minimum was obtained ina ea fit. Buchanan 
collected the world's proton, neutron, and deuteron data, and 
updated them. He checked the de Vries b' fit using the reanalyzed 
data, and concluded that this fit is the best to describe the 
proton form factors. 

Stewart [10] measured 

R = (32. ar a : (18) 
dn D Gag 

If it is assumed that the de Vries b!' fit gives G absolutely, 
then 


an » fae )yo, (19) 


ao )o*- 6 ao Mott 
Casa P abs 
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Tlf the ratio 
eee oy dG eee aa 
Hecke da a) 
p p 


is formed, N can be considered to be the factor required to nor- 
malize the experimental data to absolute data ina first order 


sense. Then, Since the ratio R was measured 


do theor _fao exp 
dn pa da (N) (21) 
D D 
can be considered to be absolute in the first order. The sub- 


Script theoretical is used to distinguish absolute in the first 


order from absolute. 


Z 


Thus Rosenbluth plots for the deuteron may be made, and Gp 


Z : owe 
and a a be extracted. If the scaling law holds, then within 


experimental error 


B. SCALING APPLIED TO MAGNETIC CORRECTIONS 
tee : : : Z 2 
To eliminate the magnetic contribution to Gy and G,> the 


magnetic contribution is given by equation (15) as 


€ IG De eae = (22) 


bp” 3p? 2 


so that Zz 


Sep ~ (30) a 
with 
ne 7 _ exp ao Mout 
D D 


where the quadrupole terms has been neglected. 


14 








For the proton, the magnetic contribution is found by con- 


Sidering 2 2 


G G 
Q 
cs Seas ") aio (lee aes tan* lies 
P 1+7 p 1” 2 
Je P 
1 = her 2. 
Scaling assumes oh ae Cree where M5 OV 3 SOs 
G2 
Z Ep Z 290 
Cis Je ae lt 2 tan SS). 
2 
The term 
2 20 
= LL 1 2 val a 
5 7 ie | 5) 
is then the magnetic correction term for the proton. 
2 
Gi(1 +7.) 
Gomes Pep 
Leste 
gs E 


where 


2 (32 Sia ue) 
| ee . 
p dn dn 
Pp Pp 


and evaluates from his data 


q) 


EK 
ED D 


es 
rete Soe —e 
= 


F K, 
Ep 


‘a 


where the E and F contain radiative corrections, Mott 


sections, target parameters and experimental counting 


(24) 


(24a) 


(25) 
Thus 


(26) 


(27) 


Gross 


rates. 


Of interest here is theratio ne which represents the 


magnetic correction terms, it is given by 


+ 
Ky 1 C 


Ee a eee 
Ky Cy) eS 


15 


(28) 








where Ch and SS were defined by (22) and (25). This ratio contains 
the scaling law assumptions. 


Next consider the scaling law proposed by Schumacher eae 


Specifically 


G) 

it 
= 
C) 
-f 
os 
G) 


Mp p Ep “n En (29) 


G 
Mn n Ep Pp Bn 
For the deuteron, consider similiar scaling laws 


G 


I 
i 
G) 
+ 
= 
6) 


MD D ED n En (30) 
el + 1 
Cun a SED MD oa 4 
: Staats 2 
Then equation (17) becomes, neglecting terms containing Gen? 
z ae | 2 2 2 0 
= + + — y + -- 
GED er Gan? De il 3 IDM y (1 2 tan 5) (Cau) 
G G nN UW wt 
Ep__En (4 Don D 2 = 
Lar = 5 (ie 2 tan 5) ‘ (32) 


ED ine C J} 
Now define 


e @€. | 

Spey 2 4 SEp Pen "D'n | 20 

= = (2ngm Save Dee a (1 ie o 3 ois, 
Ep = En Cc ¢ 





Similarily, for the proton equation (24) becomes, with the use 


Sreequation (29), 


ee G 
2 : 2 En O26 
fae | u“+ 27 uu == |/1 + 2 tan” = 8 


and define 
C = uo + 2m up “En 1 +2 tan? $) (34) 
Bi \ PP p pn G, 2) ¢ 
P 
Thus when using Schumacher's scaling, the magnetic correction 


ratio becomes ane ce) 
a eee 


(lee) (14) 





(>) 


~ n~ 
4%, alsin 


Ke 








It should be pointed out that equations (32), (34), and thus (35) 
eontain the form factors Gen and oor both of which are sought 
from experiment. To use the readily available values from the 
de Vries b' fit would be combining the dipole fit with the broken 
symmetry theories, however these are needed for comparison of the 
scaling laws. If the de Vries b!' fit values of eo and Gen are 
incorrect at low a. their influence on equation (35) is quite 
small, so they will be uSed here. 

A comparison of equations (28) and (35) gives a measure of the 


effect of the two scaling laws on the data of Stewart. These re- 


sults are shown in Table VI. 


C. DERIVATION OF AN EQUATION FOR Gen’ SEp WITHOUT SCALING 

This section has a threefold objective: 

(a) Derivation of an expression for Gan GED without the use 
of scaling laws, 

(b) Testing and comparison of the values of Gan’ Sp obtained 
from the equation derived in (a) above, for O.1 $ a NOS eae 
using de Vries b' fit, or proton scaling wherever required. 

(c) Testing the effect of Schumacher's scaling ‘on Gin’ SED * 

To derive an expression for Gen’ SE without the use of 


scaling laws, use is made of equations previously introduced, 


specifically 
= + 

Ss (Gp, Se Ms Gia 
and m 

GG, =(G) eee. ) or (GG. +G_)2 p" (135) 

M Ep En’ M Mp Mn M 
M E ; F : 

where Da» Dy, and Dy, are defined in equations (6), (8), and (9) 


respectively, and 


2 2 9 
Go = A(q’) + B(q’) tan = 


iy 








Beek sere a fi 

AN") > Cone aaeingans 

(5a) 

Deel 2 

Bid’) = 3 7p Sup 

By the above equations, 
a 2 ee 

= + 

© (G,, En) °C 


2 
2 E M é 
aE a 7) (Si, = Gan) OM isn id Gyn) 204 | a) (36) 


where 5 
£(9) =) eee a th 


DIO 


For the proton, use equation (26) 


Z 
G n 
ee anes ——— £(@) Ge 
p ths ati Mp 


and recall from equation (18) 


f i ta a ie \ OQ 
BOL s\n ao, \a 
7 Gn: / au 
BD P 
; : Pies SS ae : ; 
By taking the ratio G/G, it is possible to rearrange terms to 
and 
2 (ae) = Deo E M| @ 
G dn + — l(c, -+}- af | 
Lim ee ae ee (Sp, Cen) sal 3/1 Ep Cin) Put? (Gy, Seen £(@) 
a do Mott 
P dn D Sm, ees fC) ow 
iy Eis Mp 
Again rearranging terms, end up with, 
: (32 Mott ; 
da n G G 2 
Pp (9) p Mp 
Mott ; cael 2 ~ De Ca te (37) 
do hy “hy G Ep 
dn | Ep 
D 
2 2 a 
+ in {rf “en ) , a ce) up eae “Mp Sn) 
3 'p}™M or acre Ot M| G Bp Goo 
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MM G G 


E E evel Moser ee oh on : 
sere GEER IE, — PP | + 4(D,.) a 
Ep Ep 


where 


mee face r 


This equation is free of approximations and does not contain 
scaling. 

To put equation (37) in to a form free of magnetic contri- 
butions, a resort to graphical methods at constant a was made. 


The equation can be written in the form 


Y = mX + b 
where 
(a ; . 
din oe a) G 

ae 8 Mott er i DB 

aoe J aan 

dn : ee 

D 
. 2 
G 
mn = De ( soak 
Ep 
Soh 
9 
X = F(@) = (1 + 2 tan” 5) 
DIKE 2 De Gi iGulte: \ 
Pea to = ° 2D, = i" ADs De | : = 
Ep Ep Ep Ep / 
2 
2 G,, +G 2/G., +G 
+ pe + go pM { eve |. yp’ / Mp én 
M M M Gop M Gay 


For constant a. X and Y are the only variable terms, Y = f(R,9) 
and X = £(@). The assumption was made that the error in Giip/ Sip 
for 0.1 5 a = Ome pre has a negligible effect when compared to 
the error in R. It should be noted, here that Gip/ Sip has to be 


obtained either from the scaling laws of the proton, or from the 


de Vries bt fit; a later discussion shows that it makes little 


difference which. 
19 








Using a least squares fit to the data for the above equations, 
the graphical methods were found to be relatively inaccurate. 

The remedy to the above difficulty was to turn to an analytical 
method where the points were averaged using a weighted average 


method. Equation (37) can be rearranged to give 


lao Mott 
Ran, Gy Gp, : 
meesD | Ee 2. Mp Sn pa pie “ne 
Mott |1+ 17 62 Gay | \ Cc 3D 
(32) D Ep 
ain. “Ep 
D 
En BY 8 EM 
ee 2D, F(Q)+ = 37 Dy 3" D, Py S (38) 
2 2 
Z Bes E M 8 M2 
+ (0g F(®)+ 3 li P+ Sn, nb os + $n, ots?) 
where 
S = Cus "oun 
Ep 


The assumption was made that every quantity can be taken to be 


exact (although the D's are based on theoretical models), except 


Z 


Z a Zz 
R. oan © » S, and consequently the unknown, Cont las 


Ep 

Up to this point equation (38) is exact and contains no 
scaling, however, Gip/ Sup? and S are as yet undetermined. There 
are two methods available to get Gio! Sep Since absolute data are 
not available. The methods are from the de Vries b' fit and the 


scaling laws. 


If the de Vries b! fit is used, 


ve 2 Gc 
=e = ~e de Vries 
Ep Ep 
@. He 
S = ~~ sei. de Vries 
Ep 


20 








If scaling is used, 


2 
é 

2 
Pu 
- Pp 
Ep 
S=p +4 


Now equation (38) is put into a more workable quadratic form 


aoe + bX + c = 0 


where X = Gen’ Ep’ By inspection 


2 
ee 2 E 
a= De F(QO) + 3 Np DY 
b = 2p¢ F(0)+ + Ps 84 oe at S 
C Bo Dieu) peel Deo on 
2 2 
Toe 2 E 8 E _M 8 M 2 
c= De F(O) + 3 7p oe + 3 fl Dd Da Oma 3 Np dD. S 
face" : 
— 2 
“Rida nN G 
Mott oF ee 1+ = | 
O 
do Pp Ip Ep 
dn. D 


The results of these two methods are summarized in Table VII. 
By applying Schumacher's scaling to equation (38), a comparison 


of S/S can be made to that of the two methods discussed above. 
: De She She 
In equation (38), the terms involving Go /Go , s=—K— , 
Mp’ Ep pp 


2 
and S are the only ones affected. Let X = Gin’ “Ep Then by 
application of equation (4), it is seen that 


ze 
Mp 
G 


(Hot HX)” (39) 


and 


Cp) 
I 


Coe ee) 


OA 








By rearranging terms after substituting equation (39) into 


equation (38), the resulting equation is 


atx’ 42 XG tee ae O (40) 
where 
zZ 2 Be 
JS 
a Da F(@) + 3 Ip Di 
do Mott 
-R <= 
So dp uP 8. BM 8 We 
Tes ewe “+ 3 Ok IBY, ae 3 3 1p a ee + _)* (40a) 
(se) p 
dn D 
b! = 2D° BCG) = a DE 42 : pe Dy, (uu + ‘ 
co Fl oe Dea 3 "Dp “M Euan 
do Mott 
g M2 Me 
or |> 7, D, ote Ai I (aay Sere Ty, ae (40b) 
and 
2 2 Bama E UM 
— = — aes ; 
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ITI. REEVALUATION OF EXPERIMENTAL DATA 


A. DATA 

The data analyzed here were collected by Bumiller and others Li9} 
at the Naval Postgraduate School linear accelerator in the range 
O.1 ¢ a = 0.4 oo. and at the Mark III accelerator at Stanford 
University in the range 0.2 § ae = (Oro ae The experimental set 
up was basically the same in both laboratories. Whenever possible, 
Overlapping sets of data were taken to check for any systematic 
errors in the equipment. No systematic deviations between the two 
sets of measurements were found and the data analysis was per- 
formed independent of the source. Table I shows the data used in 


these analyses, with the error listed. 


Pee ROSENBLUTH PLOTS 
Equation (17) formed the basis for the Rosenbluth plots. This 


equation was broken up as follows for the plots: 


‘ao theor do Mott 
(an), ‘Van aaa! 
D D 
:, . 2a 
x = tan 5 
where 
do theor : ae do Mott 
dn Dp abs 1a0 
D | 
and R is given by equation (18). Wherever appropriate, weighted 


averages were used, and the corresponding error calculated. A 
weighted least squares fit was used to determine the slope and 
intercept, with the error in each. This method is described in 


Aopendix C. 
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2 knee 
Since these plots were made for a constant q , it is readily 
apparent that from the slope n, 


a ae 
Gip (4) = 


— 


1p 


I~ 


and from the slope m and intercept b, 


2 


a 
Grd) = Paco. 


Table III gives the results of these plots for the deuteron, 


and a sample plot is shown in Figure l. 


C. MAGNETIC CORRECTIONS 

The magnetic correction gives the number by which the experi- 
mental C. or a. is to be multiplied to remove the magnetic contri- 
butions and yield Ge or Sac These corrections were computed 
feaencg Cqlations (22), (25), (27); (32), (34), and (35). The 2D 
term contained in equation (32) is the charge structure factor 
and is given by equation (6), with the Feshbach-Lomom wave 
functions [11] being used to describe the deuteron. Values of D. 
are listed in Table III. The magnetic corrections using both 
scaling laws, a comparison of the resulting corrections, and the 
effect of magnetic corrections using Schumacher scaling on Grnr GES 


as calculated by Stewart are shown in Table VI. The error was 


calculated by taking KD > as the standard value. 


D. CALCULATION OF Gen’ Sap WITHOUT SCALING 


Equation (38) is the basis for these calculations. The Do» 


. M c e 
ae and Dy are respectively, the charge structure factor, magnetic 


contribution to the scattering process arising from the convection 


of charge in the deuteron, and the contribution of the intrinsic 








magnetic moments of the proton and the neutron to the scattering 
process. These factors are given by equations (5), (8), and (9). 
As with the magnetic corrections, the Feshbach-Lomom wave functions 
were used. The values of these wave functions at the appropriate 
na are also listed in Table III. 


Ge /Go is contained within equation (38) and is an undetermined 


Mp’ “Ep 
quantity. Since absolute data are not available, this ratio may be 
found from the de Vries b!' fit, or from the proton scaling law. 
Both methods of calculation were used, and it was found that they 
differ by a small percentage. 

Results of these calculations are listed in Table VII, and a 


comparison of G.,/S computer using data from de Vries b! fit, 


Ep 


and using proton scaling is shown in Figure 5. 


E. CALCULATION OF Sen’ Ppp USING S@UUVACHER Seer rs 
These calculations were made using equation (40), with the 


coefficients given by equations (40a-c). As in the previous cal- 


culations the Das a 


3 and D, were calculated uSing the Feshbach- 


Lomom wave functions as listed in Table IIT. 
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IV. PRESENTATION OF RESULTS, DISCUSSION, AND CONCLUSIONS 


A. PRESENTATION OF RESULTS, AND DISCUSSION 

The experimental data are presented in Table I. The errors 
quoted are attributed to counting and target thickness errors, 
and are the only errors that enter into a ratio experiment. 

Table II shows the Mott cross sections for point proton and 
deuteron in the laboratory systen; G"(q") from the b'! fit of 
de Vries is the absolute form factor for the proton; the theo- 
retical cross sections as described in Section IIA; and the nor- 
malization factor N required to make the experimental deuteron 
cross section absolute in the first order sense. 

Shown in Table III are the quantities Das Bie Dy, as described 
in Sections IIA, computed from the Feshbach-Lomom wave functions 
Wethout relativistic corrections. 

Table IV lists the magnetic and electric form factors of the 
deuteron as calculated from the Rosenbluth plots. Figures 2 and 
3 illustrate these results. It is seen from Figure 2 that the 
electric form factors approach the static limit as predicted by 
the theory. From Figure 3 it is seen that the magnetic form 
factors are to large by a factor of three. This is due in part 
merthe fact that Gup ts a function of the slope of the linear plot 
and is very senstive to experimental errors. A weighted least 


Squares plot was used in an attempt to minimize the error. Also 


G 
shown in Table IV is the ratio —— . J£ Scaling 1s tomnota 
Wl G 3 
D ED 
this ratio must be unity, within experimental error. It is seen 
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MD SED 


that scaling does not hold. Since the values of om are about 





however, that within experimental error ~~ 34 nditeat 1 1e 
three times larger than predicted, it must be held that this test 
is inconclusive. 

To investigate the effect of magnetic contributions to the 
electric form factor, and get information as to the importance 
of scaling within the range of aa of interest, the Rosenbluth 
plots were considered. From these plots it was seen that 

Z 


Gep = eae sTEy 


where b is the Y intercept, and m is the slope of the linear plot. 


Specifically, 
G =b-%sm 


where m contains the magnetic contribution. Define 


a 
= 15 
Sep 


where G_ is the electric form factor without magnetic contri- 
butions. Table V shows the results of these calculations. The 
result is that a very small error is introduced if the magnetic 
contributions are disregarded, thus concluding that scaling has 
little effect in the range of a considered here. 

Stewart [10] was interested in the ratio Gap’ Ppp? from which 
he finds Gin’ Sg’ It was shown in Section IIB, that the ratio 


G_./ 


ED contains the magnetic correction ratio, which in turn 


“Ep 
contains the scaling laws. Using both scaling laws, a comparison 
was made of the two magnetic correction ratios. Table IV contains 
these results, showing that the difference in the corrections is 
small, but tend to increase with a. 

Table VII shows four sets of values of Gan’ “Ep as obtained: 


(a) Without using scaling, but using the assumption of the de Vries 
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bt £1t 39 (5) CBy abs inas preotonsscal ine sie tes aorn om = Sess. 

(c) By Using Schumacher's scaling law for the proton and; (d) As 
calculated by Stewart Cie]. In each case the Feshbach-Lomom wave 
functions were used, and relativistic corrections described by 
Stewart were applied. Each of the columns shows the slopes 


d(G,,,/G_,/aa calculated by using a weighted least squares fit. 


In each case the slopes are in good agreement. 


B. CONCLUSIONS 

Based upon the experimental data available in the range of 
momentum transfers of. interest here, the following conclusions 
can be made: 

(a) Both forms of scaling as applied to the deuteron form 
factor have negigible effect on the ratio Saf as 

(b\’ The application of either scaling law to the proton form 
factor results in nearly identical corrections to the ratio 
Gen’ Sep? thus allowing no distinction between them. 

(c) The agreement of the experimental data with the neutron- 
electron interaction slope at qo © O is not influenced by the 
choice of the scaling law. 

Although both forms of scaling give satisfactory results in 
the momentum transfer range investigated here, the Schumacher 
scaling nears to be on a better theoretical basis, and should 
be tested at higher momentum transfers. A conclusive test for 
the scaling laws would require an improvement in experimental 


accuracy by at least an order of magnitude, a technically nearly 


impossible requirement. 








The interpretation of measurements at higher momentum transfers, 
where the difference between the scaling laws would be more pro- 
nounced is hampered by increased difficulties in the theoretical 
prediction of deuteron wave functions. 

In agreement with Stewart, an important qualitative conclusion 
from these analyses is that the neutron has a non-zero charge form 
factor, not affected by the choice of scaling laws, implying a 
charge distribution within the neutron. The neutron will then have 
a charge structure with the outermost part of the charge distri- 


bution being negative in Sign. 
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APPENDIX A. TABLES 


TABLE I. EXPERIMENTAL DATA 
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APPENDIX C. STATISTICAL TREATMENT OF DATA 


A. WEIGHTED METHOD OF LEAST SQUARES 

The principle of least squares can be stated as follows: The 
most probable value of a quantity is obtained from a set of mea- 
surements by choosing the value which will minimize the sum of 
the squares of the deviations of these measurements. Specifically, 
if two variables X and Y are known to be related by a linear 
equation of the form Y = mX + b, where m 1s the slope of the line 
and b its Y intercept, and if a series of N observations (X.5y¥,) 
are made in which random errors occur cnly in the Ys measurements, 
and the observations are not all samples of the same parent dis- 
tribution, then the deviations are weighted inversly as the 


variances of their parent distributions, and Young L17] shows 


that the quantity to minimize is 


2 
2 on 2 
= w.d. =X —= =2£2 w.(mx.+b-y.) (41) 
1 1! Z 1 1 1 
S 
i 
where 
1 
w. @ a 
S 
Va 
and Ss is the variance in Ys Tree Upon minimizing equation (41) 


at 


with respect to b and m, the normal equations are 


My Wes. oe ee 
sige 1 Wa 


(42) 
a Weamasze + Do 2 Wee = Wey ee 
1 oi 11 Aas 
Solving for m and b, it is found that 
b = B/D 
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where 


Ge. u Ww. 
Wis we 
M= 
ign ey Dien’. 
ecto 1 oi 
> wees so w.y 
storal Vee 
B= 
Z 
Swe. De We oe e 
ital 14° 
and 
ay WeX5 oy we 
D= 
a 198 Dawe x. 
leat 1 


The variances inm and b can be calculated by use of the 


equation 


Z 
gs? = 3/22) 2 (44) 
Q Oy. 2g 


het : ae 
where Sis the variance of the mean of Q, 2 1s the variance 


2 i 
of the mean of y,, and so forth. Application of equation (44) to 


the present situation gives 





3; Wee 
2 Z a lee 
oe ie D 
i (45) 
and 
i : e aes 
m y D 
where 
5° = Ww. Ss? 
wy al ye 


B. WEIGHTED AVERAGES 
If a quantity x is measured by N methods, obtaining values 


x ++ 5 which are known to have standard deviations S._...S 


i i N’ 
then a simple arithmetic average would not give the best value 
because it would make the x, equal in weight, while their errors 


are assumed to be different. A weighted average is then used as 
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a means of determining the best value. The question is how to 
assign the correct value of the weight factor Ww. to Xs to give 
the minimum standard deviation in the average value x, Making 


a generalization of Beers [18] it is seen that 


- > WeXs 
ps ae (4) 
1 
and 
Zz 
S we 
— 1 
x > 
Sip 
i 
where 
+, oe 
Se 
1 


C. PROPAGATION OF ERROR 
young [17] shows that if a quantity Q is to be calculated 


from several observed quantities x. and 


1 
Oo = fa) 
then 
2 
oe o-O 2 
Es =e Ox, Sx, (a7) 


: , 2 
where so is the variance of the mean of Q, and Sy. 1s the 
a ‘ 
variance of the mean of Xo Equation (47) Gan, be Shown to be 
true even if different numbers of observation are made on the Xs. 


Application of equation (47) gives the variance of the mean 


mor the appropriate functional form of Q. 
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